University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Faculty Publications in Food Science and
Technology

Food Science and Technology Department

2009

Diet-Induced Metabolic Improvements in a Hamster Model of
Hypercholesterolemia Are Strongly Linked to Alterations of the
Gut Microbiota
Inés Martínez
University of Nebraska-Lincoln

Chaomei Zhang
University of Nebraska-Lincoln

Ryan Legge
University of Nebraska-Lincoln

Andrew K. Benson
University of Nebraska-Lincoln, abenson1@unl.edu

Timothy P. Carr
University of Nebraska-Lincoln, tcarr2@unl.edu
See next page for additional authors
Follow this and additional works at: https://digitalcommons.unl.edu/foodsciefacpub
Part of the Food Science Commons

Martínez, Inés; Zhang, Chaomei; Legge, Ryan; Benson, Andrew K.; Carr, Timothy P.; Moriyama, Etsuko N.;
and Walter, Jens, "Diet-Induced Metabolic Improvements in a Hamster Model of Hypercholesterolemia
Are Strongly Linked to Alterations of the Gut Microbiota" (2009). Faculty Publications in Food Science and
Technology. 82.
https://digitalcommons.unl.edu/foodsciefacpub/82

This Article is brought to you for free and open access by the Food Science and Technology Department at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Faculty Publications in Food
Science and Technology by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.

Authors
Inés Martínez, Chaomei Zhang, Ryan Legge, Andrew K. Benson, Timothy P. Carr, Etsuko N. Moriyama, and
Jens Walter

This article is available at DigitalCommons@University of Nebraska - Lincoln: https://digitalcommons.unl.edu/
foodsciefacpub/82

APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 2009, p. 4175–4184
0099-2240/09/$08.00⫹0 doi:10.1128/AEM.00380-09
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Vol. 75, No. 12

Diet-Induced Metabolic Improvements in a Hamster Model of
Hypercholesterolemia Are Strongly Linked to Alterations
of the Gut Microbiota䌤†
Inés Martínez,1‡ Grant Wallace,1‡ Chaomei Zhang,1 Ryan Legge,1 Andrew K. Benson,1
Timothy P. Carr,2 Etsuko N. Moriyama,3 and Jens Walter1*
Department of Food Science and Technology1 and Department of Nutrition and Health Sciences,2 University of Nebraska,
Lincoln, Nebraska 68583-0919, and School of Biological Sciences and Center for Plant Science Innovation,
University of Nebraska, Lincoln, Nebraska 68588-01183
Received 16 February 2009/Accepted 21 April 2009

The mammalian gastrointestinal microbiota exerts a strong influence on host lipid and cholesterol metabolism. In this study, we have characterized the interplay among diet, gut microbial ecology, and cholesterol
metabolism in a hamster model of hypercholesterolemia. Previous work in this model had shown that grain
sorghum lipid extract (GSL) included in the diet significantly improved the high-density lipoprotein (HDL)/
non-HDL cholesterol equilibrium (T. P. Carr, C. L. Weller, V. L. Schlegel, S. L. Cuppett, D. M. Guderian, Jr.,
and K. R. Johnson, J. Nutr. 135:2236-2240, 2005). Molecular analysis of the hamsters’ fecal bacterial populations by pyrosequencing of 16S rRNA tags, PCR-denaturing gradient gel electrophoresis, and Bifidobacterium-specific quantitative real-time PCR revealed that the improvements in cholesterol homeostasis induced
through feeding the hamsters GSL were strongly associated with alterations of the gut microbiota. Bifidobacteria, which significantly increased in abundance in hamsters fed GSL, showed a strong positive association
with HDL plasma cholesterol levels (r ⴝ 0.75; P ⴝ 0.001). The proportion of members of the family Coriobacteriaceae decreased when the hamsters were fed GSL and showed a high positive association with non-HDL
plasma cholesterol levels (r ⴝ 0.84; P ⴝ 0.0002). These correlations were more significant than those between
daily GSL intake and animal metabolic markers, implying that the dietary effects on host cholesterol metabolism are conferred, at least in part, through an effect on the gut microbiota. This study provides evidence that
modulation of the gut microbiota-host metabolic interrelationship by dietary intervention has the potential to
improve mammalian cholesterol homeostasis, which has relevance for cardiovascular health.
ances in the gut microbiota have been reported for obesity,
type 1 and 2 diabetes, some allergies, and inflammatory bowel
diseases in humans and animal models (7, 24, 43, 45, 48). The
connection between gut bacteria and disease suggests an intriguing paradigm on how to view and potentially treat complex diseases. Specific bacterial populations in the intestine
could be pharmaceutical targets to maintain or restore metabolic functions (6, 17).
Coronary heart disease (CHD) continues to be a major
cause of death in developed countries and is another example
of a “western disease” that is less common in underdeveloped
countries but increases in frequency with adoption of western
customs (4). Most risk factors for CHD (obesity, high blood
pressure, type 2 diabetes, heredity, high cholesterol, and diet)
have been linked to the gut microbiota (7, 17, 20, 30, 45), and
gut bacteria have been suggested to play a role in the etiology
of cardiovascular disease (16, 33). Cholesterol metabolism is a
key factor in susceptibility to CHD, and as early as 1959, it has
been shown that germfree rats have higher serum cholesterol
concentrations than their conventional counterparts do (12).
Several mechanisms have been proposed by which gut bacteria
could influence host cholesterol metabolism (13). Bacterial
conversions of bile acids (such as the formation of secondary
bile acids) are likely to play a role, as they affect enterohepatic
circulation, de novo synthesis of bile acids, emulsification, and
cholesterol absorption (10, 28, 30). A further mechanism by
which gut bacteria might influence cholesterol metabolism is

The mammalian gut microbiota interacts intimately with its
host, affecting both host metabolic and immunological phenotypes with important consequences for health (18, 22, 32).
Recent studies have revealed complex linkages between the
gut microbiome and host metabolism, with the microbes exerting effects on the energy balance by influencing glucose and
lipid metabolism (2, 7, 28). This intimate metabolic relationship is most likely the consequence of a long coevolutionary
process that resulted in a mutualistic relationship between the
host and its microbial partners (25). However, life in industrialized societies has introduced profound changes into the human environment (e.g., diet, antibiotics, hospital deliveries,
hygiene, etc.) that are markedly different from the conditions
to which humans have evolved and that are likely to have
occurred too abruptly for the human microbiome to adjust.
Consequently, aberrations of the gut microbiota induced
through lifestyle factors could be relevant to the etiology of
several complex human diseases whose occurrence has markedly increased in developed countries. Interestingly, imbal* Corresponding author. Mailing address: Department of Food Science and Technology, University of Nebraska, 333 Food Industry
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through Fiaf (fasting-induced adipocyte factor), which is selectively suppressed in the intestinal epithelium by the gut microbiota (1, 2). Fiaf is an important regulator of lipid metabolism
(e.g., through its inhibition of lipoprotein lipase) and has been
shown to increase total cholesterol and high-density lipoprotein (HDL) cholesterol levels when overexpressed in transgenic mice (26).
There are several reasons why hamsters are an excellent
model for studying the metabolic relationships among diet,
cholesterol metabolism, and gut microbiota in relation to
health. First, hamsters are omnivorous, and their blood lipid
profiles respond to diets in a predictive manner similar to
humans (5). Second, unlike mice and rats which lack cholesterol ester transfer protein, hamsters exhibit all of the enzymatic pathways in lipoprotein and bile metabolism that are
also present in humans. They exhibit limited hepatic synthesis
of cholesterol and bile acids, resulting in more relevant data
when extrapolating to humans (23). Third, hamsters develop
atherosclerosis in a predictive manner in response to dietary
manipulation (31).
Using the Golden Syrian hamster model, Carr and coworkers have shown that the hexane-extractable lipid fraction of
grain sorghum whole kernels (GSL), when included in the
hamsters’ diet, leads to a significant reduction of plasma nonHDL and liver cholesterol levels while increasing HDL cholesterol levels (8). We extended this research and performed a
comprehensive molecular characterization of the fecal microbiota of the hamsters by pyrosequencing of 16S rRNA tags,
denaturing gradient gel electrophoresis (DGGE), and Bifidobacterium specific quantitative real-time PCR (qRT-PCR)
in order to test whether metabolic effects of GSL were associated with specific modifications of the gut microbiota.
MATERIALS AND METHODS
Animal experiments. The fecal samples analyzed here were obtained during a
previous study that determined the effect of GSL included in the diet on the
cholesterol metabolism of hamsters, and the handling of animals, feed composition, GSL composition, sample collection, and preparation have been described
previously (8). Briefly, groups of seven or eight male F1B Syrian hamsters (Bio
Breeders, Watertown, MA) were housed in cages (each hamster in an individual
cage) and kept at 25°C with a 12-h light–12-h dark cycle. Hamsters were fed a
modified AIN-93 M diet (37) supplemented with 0%, 1% and 5% grain sorghum
lipid extract at the expense of cornstarch. Daily feed intake was determined to
assess individual GSL ingestions. GSL was prepared from whole kernels obtained from a mixture of commercial red grain sorghum hybrids grown in Nebraska. Hamsters had free access to food and water throughout the study. After
the hamsters were on their respective diets for 3 weeks, the complete fecal output
for each hamster was collected over 7 days. The fecal samples were ground,
weighed, and stored frozen at ⫺80°C until the DNA extractions were performed.
DNA extraction. The fecal samples were diluted in ice-cold phosphate-buffered saline (pH 7) in a 1:10 ratio and centrifuged at 8,000 ⫻ g for 5 min. This
washing step was repeated two times. Bacterial cell pellets were resuspended in
750 l lysis buffer (200 mM NaCl, 100 mM Tris [pH 8.0], 20 mM EDTA, 20
mg/ml lysozyme) and transferred to a microcentrifuge tube containing 300 mg of
0.1-mm zirconium beads (BioSpec Products). Samples were then incubated at
37°C for 20 min followed by the addition of 85 l of 10% sodium dodecyl sulfate
solution and 40 l proteinase K (15 mg/ml). After incubation for 15 min at 60°C,
500 l of phenol-chloroform-isoamyl alcohol (25:24:1) was added, and the samples were homogenized in a MiniBeadbeater-8 (BioSpec Products) at maximum
speed for 2 min. Samples were cooled on ice before the layers were separated by
centrifugation at 10,000 ⫻ g for 5 min. The top layer was extracted twice with
phenol-chloroform-isoamyl alcohol (25:24:1) and twice with chloroform-isoamyl
alcohol; DNA was recovered by standard ethanol precipitation. The DNA pellets
were dried for 30 min at room temperature and later resuspended in 100 l of
Tris-HCl buffer (10 mM, pH 8.0).

APPL. ENVIRON. MICROBIOL.
Analysis of the gut microbiota of hamsters by pyrosequencing of 16S rRNA
tags. The V1-V3 region of the 16S rRNA gene was amplified by PCR using
bar-coded universal primers 8F and 518R containing the A and B sequencing
adaptors (454 Life Sciences). The forward primer (A-8FM) was 5⬘-gcctccctcgcg
ccatcagAGAGTTTGATCMTGGCTCAG-3⬘ where the sequence of the A adaptor is shown in lowercase letters. The reverse primer (B-518) was 5⬘-gccttgccag
cccgctcagNNNNNNNNATTACCGCGGCTGCTGG-3⬘ where the sequence of
the B adaptor is shown in lowercase letters and N represents an eight-base bar
code that is unique for each sample. Prior to sequencing, amplicons from the
individual PCR samples were quantified using the Quant-iT PicoGreen doublestranded DNA assay (Invitrogen) and quality controlled on an Agilent 2100
bioanalyzer. The amplicons from each reaction mixture were mixed in equal
amounts based on concentration and subjected to emulsion PCR, and amplicon
libraries were generated as recommended by 454 Life Sciences. Sequencing was
performed from the B end using the 454/Roche B sequencing primer kit using a
Roche Genome Sequencer GS-FLX using the standard protocol. Samples were
combined in a single region of the picotiter plate such that approximately 1,000
to 2,000 sequences were obtained from each animal. The data analysis pipeline
removed low-quality sequences (i) that do not perfectly match the PCR primer
at the beginning of a read, (ii) that are shorter than 200 bp in length, (iii) that
contain more than two undetermined nucleotides (N), or (iv) that do not match
a bar code. Sequences (1,000 to 2,000 per animal) were quality controlled and
binned according to bar codes.
Taxonomy-based analyses were performed by assigning taxonomic status to
each sequence using the CLASSIFIER program of the Ribosomal Database
Project (47). To estimate species richness and diversity, taxonomy-independent
methods were used. Sequences were aligned using Infernal Aligner; sequences
from individual animals and then pooled sequences from all animals of a single
treatment group were aligned. Cluster analysis was performed using the complete linkage clustering algorithm available through the Pyrosequencing pipeline
of the Ribosomal Database Project (9). Clustering was done with a 97% cutoff
for inclusion into an operational taxonomic unit (OTU) and was performed on
alignments of sequences from individual animals. The number of species and
species richness were estimated by further sampling-based (rarefaction) analyses
of OTU data and of calculated Shannon diversity indices.
PCR-DGGE analysis. PCR was performed using universal primers
PRBA338fGC (5⬘CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCAC
GGGGGGACTCCTACGGGAGGCAGCAG3⬘) and PRUN518r (5⬘-ATTACC
GCGGCTGCTGG-3⬘ (34), which amplify the V3 region of the 16S rRNA gene.
DGGE was performed by the method of Walter and coworkers (46) using a
DCode universal mutation detection system (Bio-Rad, Hercules, CA). DNA
bands in the DGGE gel were visualized by standard ethidium bromide staining
and photographed using the InGenius gel documentation system (Syngene, Frederick, MD). DGGE images were analyzed using BioNumerics software version
5.0 (Applied Maths, Kortrijk, Belgium). Bands were manually assigned, and the
normalized banding patterns were used to generate distance matrices by calculating the Pearson product moment correlation coefficients for all pair-wise
combinations of patterns. This approach compares profiles in a pair-wise manner
based on the entire densitometric curve, therefore accounting for both band
position and intensity. DGGE fingerprints were transformed to peak profiles
using the BioNumerics software, and the intensities of individual bands were
determined as a percentage of the peak surface area relative to the surface area
of the entire molecular fingerprint of the sample. To determine the effects of
feeding hamsters GSL, normalized fragment intensities of all bands in DGGE
fingerprints were determined and compared for the feeding groups.
In order to identify species represented by bands detected by DGGE, bands of
fecal fingerprints from two or three animals were excised from the gel, purified,
and reamplified by the method of ben Omar and Ampe (3), and cloned using the
TOPO TA Cloning kit for sequencing (Invitrogen). Plasmids were isolated from
three transformants per band using the QIAprep spin minprep kit (Qiagen), and
inserts were sequenced by a commercial provider following the manual of the
cloning kit. Closest relatives of the partial 16S rRNA sequences were determined
using the nucleotide blast web tool at the NCBI website (http://blast.ncbi.nlm
.nih.gov/Blast.cgi) and the Seqmatch web tool provided through the Ribosomal
Database Project (http://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp). A phylogenetic tree was generated from the consensus sequence of the F bands in
three individual animals using the unweighted-pair group method using average
linkages and neighbor-joining algorithms in the MEGA4 software package (42).
There were a total of 178 positions in the final data set, and the evolutionary
distances were computed by using the Kimura two-parameter method and are
reported as the number of base substitutions per site.
Specific quantification of bifidobacteria by qRT-PCR. Quantification of total
bifidobacteria was performed by quantitative real-time PCR using primers Bif-
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For (5⬘-TCGCGTCYGGTGTGAAAG-3⬘ and BifRev (5⬘-CCACATCCAGCR
TCCAC-3⬘) (39). PCRs were performed using a Mastercycler Realplex2 (Eppendorf AG, Hamburg, Germany). Each PCR was done in a 25-l volume. The
reaction mixture comprised 11.25 l of the 20⫻ SYBR solution and 2.5⫻ RealMasterMix (Eppendorf AG, Hamburg, Germany), 0.5 M of each primer, and 1
l of DNA template. The amplification program consisted of an initial denaturation step of 5 min at 95°C, followed by 35 cycles, where 1 cycle consisted of 15 s
at 95°C (denaturation), 20 s at 58°C (annealing), and 30 s at 68°C (extension),
and fluorescence at each step was measured. To control the specificity of the
amplifications, a melting curve was done consisting of a denaturation step of 15 s
at 95°C, an increase from 58°C to 95°C over a 20-min period, and a final step of
15 s at 95°C. Cultures of B. animalis ATCC 25527T and B. infantis ATCC 15697T
were used to generate standard curves for absolute quantification of bifidobacteria in the fecal samples. Bacterial counts of overnight cultures (12 h) were
determined by plate counting, and a 10-fold dilution series was performed in
phosphate-buffered saline buffer for each strain. DNA was isolated from individual samples of the dilution series using the method for fecal samples. Standard
curves were made by plotting the threshold cycle values obtained from DNA of
the dilution series as a linear function of the base 10 logarithm of the number of
bifidobacteria. Two individual qRT-PCR runs of all fecal DNA templates in
duplicate were performed, and means of all four values were used for the
analysis. Despite the use of two different strains of bifidobacteria to generate one
standard curve, its correlation coefficient r2 was ⬎0.96.
To quantify the Bifidobacterium animalis-like phylotype detected by DGGE,
we used a specific primer (Bh1) based on a highly variable region of the sequence
of fragment F in the DGGE gel (5⬘GGCAGGGGGTTTTCCTC3⬘). This primer
was used in combination with primer BifRev (39) used for the Bifidobacterium
genus-specific qRT-PCR. PCR was performed as described above. The specificity of the PCR was tested using DNA isolated from fecal samples from 10 human
subjects and DNA from B. animalis ATCC 25527T and Bifidobacterium infantis
ATCC 15697T. The PCRs all gave negative results with the primer combination
Bh1 and BifRev and positive results with primers BifFor and BifRev (data not
shown). As we had no cultural representative of the phylotype represented by
band F, we used a standard curve generated as described above with B. animalis
ATCC 25527T and B. infantis ATCC 15697T and primers BifFor and BifRev.
Although the standard curve was generated with a different forward primer, it
can be assumed that no significant bias is introduced, as the efficiencies of the two
PCR systems were virtually identical (0.51 for primers BifFor and BifRev and
0.56 for primers Bh1 and BifRev).
Correlation analysis of gut microbiota-host metabolic functional relationships. Correlation analysis between metabolic host parameters and bacterial
populations at different taxonomic levels was performed by the method of Cani
and coworkers (7). Metabolic parameters included in the correlation analysis
were the levels of cholesterol absorption, fecal cholesterol, plasma total cholesterol, plasma HDL cholesterol, plasma non-HDL cholesterol, liver total cholesterol, liver-free cholesterol, liver triglycerides, liver phospholipids, and liveresterified cholesterol. The determination of these metabolic phenotypes and the
methods applied were reported previously (8).
Genome comparisons. The web-based Integrated Genomics Platform of the
Joint Genome Institute (JGI) was used to identify functions enriched in bifidobacteria (27). The Abundance Profile Search was used to identify clusters of
orthologous groups of proteins (COGs) that were more abundant in individual
bifidobacterial genomes (Bifidobacterium adolescentis ATCC 15703, Bifidobacterium adolescentis L2-32, Bifidobacterium animalis subsp. lactis HN019, Bifidobacterium dentium ATCC 27678, Bifidobacterium longum DJO10A, and Bifidobacterium longum NCC2705) compared to the genomes of a selection of bacteria
commonly present in the mammalian gastrointestinal tract (Bacteroides caccae
ATCC 43185, Bacteroides capillosus ATCC 29799, Bacteroides fragilis NCTC
9343, Bacteroides fragilis YCH46, Bacteroides ovatus ATCC 8483, Bacteroides
stercoris ATCC 43183, Bacteroides thetaiotaomicron VPI-5482, Bacteroides uniformis ATCC 8492, Bacteroides vulgatus ATCC 8482, Clostridium acetobutylicum
ATCC 824, Clostridium bartlettii DSM 16795, Clostridium bolteae ATCC BAA613, Clostridium leptum DSM 753, Clostridium ramosum DSM 1402, Clostridium
sp. strain L2-50, Clostridium sp. strain SS2/1, Clostridium thermocellum ATCC
27405, Collinsella aerofaciens ATCC 25986, Coprococcus eutactus ATCC 27759,
Dorea formicigenerans ATCC 27755, Dorea longicatena DSM 13814, Enterobacter
sp. strain 638, Enterococcus faecalis V583, Enterococcus faecium DO, Escherichia
coli K-12, Eubacterium dolichum DSM 3991, Eubacterium siraeum DSM 15702,
Eubacterium ventriosum ATCC 27560, Faecalibacterium prausnitzii M21/2, Lactobacillus reuteri 100-23, Lactobacillus reuteri F275, Lactobacillus salivarius subsp.
salivarius UCC118, Methanobrevibacter smithii ATCC 35061, Parabacteroides distasonis ATCC 8503, Parabacteroides merdae ATCC 43184, Peptostreptococcus
micros ATCC 33270, Providencia stuartii ATCC 25827, Ruminococcus gnavus
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ATCC 29149, Ruminococcus obeum ATCC 29174, Ruminococcus torques ATCC
27756, and Salmonella enterica serovar Typhimurium LT2). Functions associated
with lipid metabolism were specifically selected from the enriched COGs and
added to the function list. A function profile of these COGs was then generated
for all of the gut species. Please refer to the IMG web page for details (http:
//img.jgi.doe.gov/cgi-bin/pub/main.cgi).
Statistical analysis. Results are presented as means ⫾ standard deviations
(SDs). Statistical tests for treatment effects of the GSL on the abundance of
individual taxonomic ranks or DGGE band intensities were performed by oneway analysis of variance (ANOVA) analysis followed by Tukey’s posthoc multiple comparison tests. The Mann-Whitney test was used to compare Shannon
diversity indices of gut populations. Correlations between metabolic parameters
and bacterial populations were assessed by Pearson’s correlation test using
GraphPad Prism version 5.00 (GraphPad Software, San Diego, CA).

RESULTS
Characterization of the hamster gut microbiota by pyrosequencing of 16S rRNA tags. To determine whether proportional changes of the gut microbiota were associated with the
effects of GSL on cholesterol metabolism in hamsters, we analyzed the fecal microbiota of hamsters fed 0% (n ⫽ 7), 1%
(n ⫽ 7), and 5% (n ⫽ 7) GSL by pyrosequencing of the V3
region of the 16S rRNA gene. A total of 34,424 sequences were
studied; the average sequence length was around 250 bp, and
an average of 1,639 sequences per animal were studied. Taxonomy-based analysis showed that the composition of the hamster gut microbiota at the phylum level is similar to that of
humans and mice, being dominated by Firmicutes and Bacteroidetes. An unusual feature of the hamster gut microbiota,
however, was that Firmicutes comprised the vast majority of the
taxa (94%) with Bacteroidetes making up only 4% of the population. The remaining bacteria belonged to the phyla Verrucomicrobia and Actinobacteria (each representing around 1%
of the total sequence tags) and Proteobacteria and candidate
division TM7 (0.07% and 0.024% of sequences, respectively).
At the family level, the predominant groups in hamsters of
the control group were the Erysipelotrichaceae, Eubacteriaceae,
Ruminococcaceae, and Lactobacillaceae, represented by an average of 59%, 19%, 13% and 5% of the total fecal microbiota,
respectively (Fig. 1A). Of the bacterial groups on the genus
level, the most dominant were unclassified Erysipelotrichaceae,
Allobaculum, unclassified Eubacteriaceae, Ruminococcus, and
Lactobacillus, comprising 31%, 28%, 19%, 11%, and 5% of the
total sequence pool on average in control animals, respectively
(Fig. 1B). With the exception of Allobaculum, these genera are
also shared with the gut microbiota reported for mice, humans,
and primates (15, 24, 29, 44). As shown in Fig. S1 in the
supplemental material, pyrosequencing revealed high animalto-animal variability on both the family and genus levels.
Effects of GSL on specific taxa of the hamster gut microbiota. Sequence proportions determined by pyrosequencing
were used to establish the effects of the GSL on the gut microbiota composition. To identify specific taxa that were affected by the feeding treatments, the proportions of taxa in
each rank of each animal were tested for treatment effects. As
shown in Table 1, ANOVA identified one family, the Coriobacteriaceae (P ⫽ 0.042), and two bacterial groups at the genus
level, unclassified members of the family Erysipelotrichaceae
(P ⫽ 0.0016) and genus Pseudoramibacter (P ⫽ 0.017), as being
significantly affected by the inclusion of GSL to the hamsters’
diet. Moreover, values for the genus Allobaculum (P ⫽ 0.096)
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FIG. 1. Characterization of the gut microbiota composition of hamsters fed different amounts of GSL as determined by pyrosequencing of 16S
rRNA tags (V3 region). Composition of the gut microbiota of hamsters fed 0%, 1%, and 5% GSL (n ⫽ 7 per group) at the family level (A) and
the genus level (B). (C) Rarefaction curves of OTUs from sequences of fecal samples from individual hamsters fed 0% GSL (red), 1% GSL
(green), and 5% GSL (blue). (D) Shannon diversity indices of the gut microbiota of individual hamsters fed 0% GSL (red), 1% GSL (green), and
5% GSL (blue). OTUs were identified using 97% cutoffs for rarefaction and Shannon diversity indices.

and unclassified members of the family Coriobacteriaceae (P ⫽
0.064) approached statistical significance.
Taxonomy-independent analysis of the hamster gut microbiota from individual animals showed that with a conservative
level of 97% identity as a cutoff for OTUs, nearly 200 OTUs
were observed in the average of 1,600 sequences from each
animal (Fig. 1C). Individual animals in the 5% GSL feeding
group showed a trend toward fewer OTUs in the rarefaction
curves. The Shannon diversity indices from individual animals
also showed a trend of fewer OTUs in animals fed 5% GSL

(blue lines) compared to animals fed 0% GSL (Fig. 1D).
Grouping of the samples by GSL showed significant differences
between 0% and 5% GSL (P ⬍ 0.0001, Mann-Whitney test).
Thus, 5% GSL had the effect of reducing the diversity of the
gut microbiota.
DGGE analysis of fecal microbiota of hamsters fed GSL. To
validate the findings obtained with pyrosequencing, fecal bacterial populations of the hamsters were also analyzed by PCRDGGE. The DGGE gel is shown in Fig. 2A, and the results of
analysis of the gel are presented in Table 2. Feeding the ham-
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TABLE 1. Abundance of bacterial groups in the fecal microbiota of
hamsters that changed by including GSL in the diet as determined
by pyrosequencing of 16S rRNA tagsa

Bacterial taxa

Family level
Coriobacteriaceae
Genus level
Allobaculum
Pseudoramibacter
Unclassified members
of the following
families
Coriobacteriaceae
Erysipelotrichaceae

Abundance of bacterial groupb (% of total
sequences obtained with sample
关mean ⫾ SD兴) in hamsters fed:
0% GSL

1% GSL

5% GSL

1.22 ⫾ 0.79

0.79 ⫾ 0.63

0.31 ⴞ 0.33c

27.82 ⫾ 15.9
0.11 ⫾ 0.09

30.63 ⫾ 15.8
0.48 ⴞ 0.3c

43.55 ⴞ 7.0e
0.35 ⴞ 0.21c

1.0 ⫾ 0.7
31.0 ⫾ 7.4

0.69 ⫾ 0.62
32.7 ⫾ 14.0

0.23 ⴞ 0.31e
12.39 ⴞ 6.0d

a

There were seven hamsters in each group.
Values that were significantly different or approaching statistical significance
are shown in boldface type.
c
Statistically significantly different from the value for hamsters fed 0% GSL
(P ⬍ 0.05) by ANOVA.
d
This value was statistically significantly different from the value for hamsters
fed 0% GSL (P ⬍ 0.01) and from the value for hamsters fed 1% GSL (P ⬍ 0.01)
by ANOVA.
e
Approaching statistical significance compared to the value for hamsters fed
0% GSL (P ⬍ 0.1) by ANOVA.
b

sters 5% GSL significantly increased the staining intensity of
band C (P ⫽ 0.037) and band F (P ⫽ 0.011). Band A showed
a high animal-to-animal variation, and no consistent impact of
GSL was detected. Sequence analysis of amplicons from these
bands revealed that they represent bacteria related to Ruminococcus bromii (band A), Allobaculum stercoricanis (band C),
and Bifidobacterium animalis (band F). Phylogenetic comparison of the sequence from band F with the closest hits in the
RDP database revealed this sequence to be most similar to
Bifidobacterium animalis, and it is referred to as the Bifidobacterium animalis-like phylotype in this article (a phylogenetic
tree is shown in Fig. 2B).
Although providing less depth, DGGE analysis showed good
agreement with the results from pyrosequencing. Both methods detected the increase of bacteria related to Allobaculum
and the high animal-to-animal variability of bacteria related to
Ruminococcus. Relative species quantification obtained with
pyrosequencing showed high correlations with staining intensities of DGGE bands representing the same bacterial groups
(for Ruminococcus, r ⫽ 0.94; for Allobaculum, r ⫽ 0.81; both
P ⬍ 0.0001) (see Fig. S2 in the supplemental material). This is
remarkable, as both methods are only semiquantitative and
entail multitemplate PCR susceptible to PCR bias. The main
difference between the findings by pyrosequencing and DGGE
was in the proportions of bifidobacteria, where a significant
proportion could be detected only by DGGE, while only 0.03%
of the total sequences obtained by pyrosequencing corresponded to bifidobacteria. The difference can be explained by
the use of primer 8F in pyrosequencing, which shows three
mismatches with the 16S rRNA genes from five Bifidobacterium species for which whole-genome sequences were available
(data not shown). Accordingly, many studies employing direct
analysis of 16S rRNA genes to study the human gut micro-
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biota and using the primer 8F, which is one of the most
commonly used primers for such approaches, resulted in a
significant underrepresentation of Bifidobacterium species
(15, 35, 41, 50).
Quantification of bifidobacteria using qRT-PCR. Since
primer 8F resulted in an underrepresentation of bifidobacteria
in pyrosequencing and to confirm and quantify the bifidogenic
effect of the GSL detected by DGGE analysis, a specific qRTPCR procedure was used to determine the numbers of total
bifidobacteria and the Bifidobacterium animalis-like phylotype.
As shown in Fig. 2C and D, qRT-PCR analysis showed a
significant increase in cell numbers of total bifidobacteria (P ⫽
0.012) and the Bifidobacterium animalis-like phylotype (P ⫽
0.019). As shown in Fig. 2E, the numbers of bifidobacteria
from individual hamsters were highly variable, but a significant
correlation between cell numbers and daily GSL intake was
observed.
Bifidobacteria and Coriobacteriaceae showed high correlations with important markers of host cholesterol metabolism.
In a previous study using the animals studied here, dietary GSL
reduced cholesterol absorption, plasma non-HDL cholesterol
concentrations, and liver esterified cholesterol levels, while
raising plasma HDL cholesterol levels (8). To determine
whether alterations of the gut microbiota in hamsters fed GSL
were associated with an improvement in cholesterol metabolism, a correlation analysis was used to determine correlations
between all bacterial taxa at different taxonomic levels and host
metabolic phenotypes. The analysis revealed highly positive
correlations between HDL plasma concentrations and total
bifidobacteria (r ⫽ 0.75; P ⫽ 0.0011), between HDL plasma
concentrations and Bifidobacterium animalis-like phylotype
(r ⫽ 0.77; P ⫽ 0.0009), among total Coriobacteriaceae and
non-HDL plasma concentrations (r ⫽ 0.84; P ⫽ 0.0002), and
between unclassified Coriobacteriaceae and both non-HDL
plasma concentration (r ⫽ 0.82; P ⫽ 0.0004) and cholesterol
absorption (r ⫽ 0.71; P ⫽ 0.0042). These high correlations
were observed only in animals fed 1% and 5% GSL, and
inclusion of the values from control animals significantly
reduced correlations (Table 3). Graphs showing the highest
correlations between bacterial taxa and metabolic phenotypes are shown in Fig. 3, and a metabolic network diagram
linking GSL, bacterial phylotypes, and host cholesterol metabolism is shown in Fig. 4. Interestingly, the correlations
between bifidobacteria and HDL cholesterol concentration
and between Coriobacteriaceae and non-HDL concentration
showed higher significance than correlations achieved between GSL intake and the respective host metabolic phenotypes.
Genome comparisons of bifidobacteria and other gut organisms. By comparing the relative abundance of different functional
categories in 47 genomes of gut bacteria, we observed that proteins belonging to the COG clusters COG0400 (predicted esterase), COG0657 (esterase/lipase), and COG2272 (carboxylesterase type B) are enriched in six Bifidobacterium genomes (see
Table S1 in the supplemental material). Carboxylesterases represented by COG0400 and COG2272 belong to enzymes that hydrolyze a wide variety of substrates, ranging from methylcaplyrate
to p-nitrobenzyl (21, 49).
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FIG. 2. Impact of GSL on the gut microbiota composition of hamsters fed 0% GSL (n ⫽ 7), 1% GSL (n ⫽ 7), and 5% GSL (n ⫽ 8) as
determined by DGGE and qRT-PCR. (A) DGGE showing fingerprints of DNA isolated from the fecal samples of hamsters. Lanes 1 to 32 contain
DNA from individual hamsters. Lane M contains markers from reference strains. Bands C and F showed significant increases in staining intensity
in fecal fingerprints of hamsters fed 5% GSL. The bands A, C, and F marked by an arrow were excised, purified, and sequenced (Table 2).
(B) Phylogenetic tree of DGGE band F with sequences that revealed highest similarities in GenBank. The tree was inferred using the
unweighted-pair group method using average linkages, and the percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1,000 replicates) are shown next to the branches. A neighbor-joining tree resulted in essentially the same phylogeny (data not
shown). (C) Cell numbers of total bifidobacteria in hamster fecal samples as determined by qRT-PCR. (D) Quantification of the Bifidobacterium
animalis-like phenotype detected by DGGE in hamster fecal samples by qRT-PCR. (E) Correlation of cell numbers of bifidobacteria with daily
GSL intake.

DISCUSSION
In humans, CHD is associated with high levels of low-density
lipoprotein and low levels of high-density lipoprotein. The
characterization of the gut microbiota in a hamster model of
hypercholesterolemia showed that dietary intervention with
GSL had a major impact on the composition of the gut microbiota and that these modulations were highly associated with
improvements in the HDL and non-HDL cholesterol equilibrium. With consumption of GSL, population levels of bifidobacteria increased and showed a strong positive association
with increases in HDL cholesterol levels. In contrast, relative
abundance of members of the family Coriobacteriaceae decreased with feeding the hamsters GSL, and a high positive
correlation with non-HDL cholesterol and cholesterol absorption was discovered. The findings indicate that GSL intake

influences the HDL/non-HDL equilibrium, at least in part,
through an alteration of the gut microbiota. We infer this
because correlation coefficients between bifidobacterial and
Coriobacteriaceae populations and plasma cholesterol concentrations were higher than associations among GSL intake, host
phenotypes, and cholesterol absorption (Fig. 4). In addition, if
bacterial phylotype/host phenotype correlations were merely a
result of GSL affecting both bacterial taxa and cholesterol
metabolism independently, one would assume that all bacterial
taxa whose abundance correlated with GSL intake would show
an association with host phenotypes. However, much lower
correlation coefficients with non-HDL and HDL plasma concentrations were observed between relative abundance of unclassified members of the family Erysipelotrichaceae and the
genus Allobaculum, although these taxa showed significant as-
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TABLE 2. Ratio of staining intensities of major bands as a proportion of total fingerprint intensity and results of sequence analysis of
selected bands
Band

Mean band intensitya (SD) in DNA from
hamsters fed:
0% GSL

A

20.0 (17.5)

B
C

1% GSL

Closest GenBank hitd

Closest type straine

AM265444, uncultured bacteria, clone
ratBD050202C (99.4)
NDf
EU777003, uncultured bacterium
clone molerat_aai70g11 (92.4–93.0)
ND
ND
AB186296, Bifidobacterium animalis
strain DBF 1307 (96.8)
ND
ND

Ruminococcus bromii ATCC 27255T
关L76600兴 (96.8)
ND
Allobaculum stercoricanis DSM 13633T
关AJ417075兴 (92.0–92.6)
ND
ND
Bifidobacterium animalis subsp. animalis
DSM 10140T 关X89513兴 (96.8)
ND
ND

5% GSL
b

0.06 (0.16)

14.2 (14.3)

5.6 (4.5)
9.2 (7.9)

7.8 (8.1)
7.9 (4.3)

6.2 (6.9)
17.4 (8.2)c

D
E
F

11.4 (11.0)
3.4 (3.2)
5.7 (1.0)

13.1 (7.1)
7.5 (10.3)
6.2 (3.4)

10.3 (7.6)
4.3 (5.1)
11.1 (3.7)b,c

G
H

4.0 (1.6)
3.0 (2.2)

3.2 (2.2)
8.0 (7.6)

3.2 (1.3)
1.7 (2.0)

a
Ratio of staining intensities of major bands as a proportion of total fingerprint intensity (shown as a percentage). Values that were significantly different are shown
in boldface type.
b
Statistically significantly different from the value for hamsters fed 0% GSL (P ⬍ 0.05) by ANOVA.
c
Statistically significantly different from the value for hamsters fed 1% GSL (P ⬍ 0.05) by ANOVA.
d
The GenBank accession number and species or clone is shown. The values in parentheses are the percentages of similarity.
e
The closest type strain is shown first. The GenBank accession number is shown in brackets. The values in parentheses are the percentages of similarity.
f
ND, not determined.

sociations with GSL intake (Table 3). However, it should be
considered that bifidobacteria and Coriobactericeae are just
two of hundreds of groups, and other bacteria, independent of
GSL administration, are likely to interact with host cholesterol
metabolism.
Changes in the composition of the hamsters’ gut microbiota
induced by GSL consumption were limited to a relatively small
number of bacterial groups (Table 1 and 2). These compositional adjustments had the net effect of reducing the overall
species richness (number of individual species per unit population). However, the overall composition of the microbiota at
the phylum level was not affected by GSL. The reason for this
finding was that increases of dominant bacterial taxa were
“balanced” by a reduction of related bacteria, leaving the relative proportions of higher taxonomic taxa unaffected. Allobaculum belongs to the family Erysipelotrichaceae, and uncharacterized bacteria of this family declined as Allobaculum
increased with feeding the hamsters GSL. Thus, the overall
proportions within the family Erysipelotrichaceae and the phy-

lum Firmicutes were not changed. Similar findings were obtained for the phylum Actinobacteria, where numbers of bifidobacteria increased while the abundance of members of the
family Coriobacteriaceae declined. As shown in Fig. S3 in the
supplemental material, significant inverse correlations were
obtained between these related bacterial groups in individual
animals. Similar diet-induced compositional adjustments of the
gut microbiota that maintain the overall composition at higher
taxonomic levels have also been observed in humans. For example, the decline of bacteria belonging to the Roseburia and
Eubacterium rectale groups induced through reduced carbohydrate intake was balanced by an increase in the number of
related members of the Clostridium coccoides cluster in human
fecal samples (14). Furthermore, the diet of human infants
appears to influence the Bifidobacterium/Coriobacteriaceae ratio, with higher numbers of bifidobacteria in breast-fed infants
while there were higher numbers of coriobacteria when the
infants were fed formula (19). Collectively, these findings indicate that homeostatic reactions that restore the overall equi-

TABLE 3. Correlations between abundance of bacterial taxa and markers of cholesterol metabolisma
Correlationb (r value) between abundance of bacterial taxa and the following marker of cholesterol metabolism:
Bacterial taxa
GSL intake

Non-HDL level

HDL level

Cholesterol
absorption

Family level Coriobacteriaceae

⫺0.54 (⫺0.50)

0.84 (0.37)

⫺0.56 (⫺0.18)

0.68 (0.50)

Genus level
Bifidobacterium
Allobaculum
Pseudoramibacter

0.56 (0.61)
0.50 (0.48)
⫺0.24 (0.23)

Unclassified members of the
following families
Coriobacteriaceae
Erysipelotrichaceae

⫺0.48 (⫺0.52)
ⴚ0.74 (⫺0.70)

a
b

⫺0.61 (⫺0.33)
⫺0.28 (⫺0.53)
0.07 (⫺0.39)

0.82 (0.40)
0.45 (0.34)

0.75 (0.34)
0.24 (0.50)
⫺0.12 (0.19)

0.52 (⫺0.19)
⫺0.48 (⫺0.32)

⫺0.42 (⫺0.51)
⫺0.45 (⫺0.37)
0.08 (⫺0.40)

0.71 (0.47)
0.68 (0.56)

Values for animals fed 1% and 5% GSL are presented.
Values for all animals, including control animals, are presented in parentheses. Correlation coefficients with an r of ⬎0.7 are shown in boldface type.
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FIG. 3. Specific bacterial populations in the guts of hamsters show high associations with both cholesterol metabolic phenotypes and GSL
intake. (A and B) Correlations between cell numbers of total bifidobacteria (A) and the Bifidobacterium animalis-like phenotype (B) with HDL
cholesterol. (C) Correlation between proportion of Coriobacteriaceae and non-HDL cholesterol. (D) Correlation between unclassified members
of the family Coriobacteriaceae and cholesterol absorption. Data from control animals (0% GSL) were excluded from the analysis.

librium of the gut microbiota are often a natural consequence
of compositional changes induced through diet. Nevertheless,
as indicated by the correlation analysis in our study, an alteration of the gut microbiota at lower taxonomic levels is still
likely to have important functional consequences for the host.
The mechanisms by which bifidobacteria and coriobacteria
affect cholesterol metabolism remain an important field of
future research. Including GSL in the diet reduced cholesterol

absorption efficiency, which was directly correlated with nonHDL cholesterol concentration (8). The high correlations of
unclassified members of the family Coriobacteriaceae with both
non-HDL cholesterol and cholesterol absorption suggest that
these bacteria could have a negative impact on cholesterol
homeostasis through increasing cholesterol absorption. Bifidobacteria, on the other hand, showed high positive correlation with HDL cholesterol levels and no association with cho-

GSL intake

Host metabolism

Gut microbiota

r= 0.56
p = 0.0065
r= -0.64
p = 0.0015

r= 0.61
p = 0.0026

Plasma HDL cholesterol
r = 0.75
p = 0.0011

r= -0.42
p = 0.054

Biﬁdobacteria
(mainly a phylotype
related to B. animalis)
r= -0.60
p = 0.0038

r= -0.54
p = 0.011

Coriobacteriaceae (mainly
hitherto unclassiﬁed
phylotypes)

r= -0.70
p = 0.0003

r= -0.42
p = 0.12

r= 0.68
p = 0.0078

r= -0.80
p < 0.0001

Cholesterol
absorpon
r= -0.61
p = 0.016

r = 0.84
p = 0.0002

r = -0.56
p = 0.037

r= 0.59
p = 0.0039

Plasma non-HDL
cholesterol

FIG. 4. Metabolic network showing the associations between daily GSL intake, gut microbiota composition, and host cholesterol metabolism
in hamsters fed 0%, 1%, and 5% GSL. Results of the correlations of cell numbers of bifidobacteria and proportions of Coriobacteriaceae and
phenotypic markers were obtained with data from animals fed 1% and 5% GSL. Red connections indicate a positive correlation, while blue
connections show correlations that are inverse. Green connections show associations with no statistical significance. Metabolic data were obtained
by Carr and coworkers in a previous study (8).
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lesterol absorption. Bifidobacteria have been shown to affect
cholesterol and lipid metabolism in animal models when administered as probiotics or when stimulated by prebiotics (11,
13). The mechanism by which bifidobacteria achieve these effects remain speculative, but they might impact cholesterol
metabolism indirectly by suppressing numbers of Coriobacteriaceae. For both bacterial groups, the capability to transform
bile acids has been reported (38), and this phenotypic trait
might influence host cholesterol metabolism through an impact on enterohepatic circulation. The strong correlations between bacterial taxa and cholesterol metabolism were observed
only in animals fed GSL and not in control animals, suggesting
that GSL influences the relative abundance of these organisms
as well as metabolic characteristics.
The consumption of lipids has not yet been associated with
increases in numbers of intestinal bifidobacteria. In contrast,
Cani and coworkers (7) showed that a high-fat diet significantly
lowered the number of bifidobacteria in mice. The composition
of the GSL administered to the hamsters in our study contained not only mono-, di-, and triglycerides but also esters,
alcohols, and other lipophilic compounds, such as waxes, sterols, and polycosanols (8). Carbohydrates or fiber are an unlikely explanation for the bifidogenic effect of GSL, as the
amounts of fiber in hexane extracts of grains are negligible (8).
Interestingly, genome comparisons revealed that bifidobacteria
possess metabolic capacities that could allow them to utilize
complex lipids, including lipids that may not be utilized by
other members of the gut microbiota or the host. Schell and
coworkers (40) detected four genes encoding long-chain fatty
acyl-coenzyme A synthetases in the genome of Bifidobacterium
longum, more than any other prokaryote genome available at
that time, except for Streptomyces coelicolor and another gastrointestinal tract inhabitant, Bacteroides fragilis. These findings together with the enrichment of putative esterases in bifidobacterial genomes detected above indicate that bifidobacteria
are likely to utilize specific components of GSL leading to the
increase in numbers in the gut.
The correlation analysis identified the Bifidobacterium/Coriobacteriaceae equilibrium to be important for the plasma cholesterol levels in hamsters, with bifidobacteria being beneficial
and coriobacteria being detrimental. While extrapolation of
our observations to humans is still speculative, our findings
suggest that bifidobacteria and coriobacteria could be potential
targets for the prevention of metabolic aberrations that play a
role in CHD. Clearly, it will be essential to first identify the
exact bacterial taxa within the human gut microbiota that have
strong correlations to cholesterol metabolism, which in itself is
a challenging task. Unlike the inbred population of hamsters
used in our study, human subjects have significant genetic
diversity, and genetic factors that affect cholesterol metabolism
play a more important role in humans than in the animal
model. Furthermore, human subjects follow individual lifestyles and consume different diets, and they harbor variable
and individual communities of the gut bacteria. All these factors will hamper the identification of bacterial contributors to
human cholesterol metabolism. Nevertheless, it is tempting to
speculate that the positive impact of breast-feeding on the
Bifidobacterium/Coriobacteriaceae ratio in human infants (19)
could be responsible for the higher HDL cholesterol levels
observed in adults that were breast-fed in infancy (36).
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This study provides new and important perspectives on dietary modulation of the mammalian gut microbiota and its
effects on the host. The findings indicate that a complex mixture of lipids can exert a “prebiotic” effect that leads to improvements in host cholesterol metabolism. In conclusion, this
study provided evidence that modulation of bacterial populations in the gut has the potential to improve mammalian
cholesterol homeostasis, which has relevance in the prevention of CHD.
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